Relationships among vegetation, wind, snow, and temperature regimes may help predict effects of climate change processes (Bliss 1985) .
General circulation models usually have lower confidence for predictions of precipitation than for temperature, and it is currently unclear whether global warming would lead to local increases or decreases in precipitation at high altitudes (e.g., Cess et al. 1991 ). There may also be a problem extrapolating from predictions at low elevations because the climates of alpine areas are often only weakly coupled to that of lowlands (Barry 1990 , Greenland 1989 ).
Research at the Niwot Long-Term Ecological Research (LTER) site in the Indian Peaks of the Colorado Front Range focuses on the consequences of changed temperature and precipitation regimes. The distribution of snow patches and windblown areas, duration of the snow-free period, and position of meltwater drainages strongly affect the patterns of alpine plant communities. Furthermore, the hydrology of alpine watersheds responds quickly to changes in the quality of precipitation because of thin acidic soils, large volumes of snowfall, and low buffering capacity of the slow-weathering, predominantly granitic bedrock (Williams et al. 1991). One of the goals of the Niwot LTER project is thus to understand how current snowpack distributions affect patterns of vegetation from species to regional scales.
Hierarchic geographic information systems
We are using a hierarchic geographic information system to assist us in these studies. Geographic information systems (GIS) are computer hardware and software systems designed to store, manipulate, and display geographically referenced data (Star and Estes 1990) . GIS databases are commonly used for multivariate analyses of spatial ecological information. Additionally, numerical models have been linked to regional and global spatial databases to develop extrapolations of ecosystem processes (e.g., Burke et al. 1991 , Running et al. 1989 . A hierarchic GIS (HGIS) is a nested set of GIS databases at several spatial scales. Long-term ecological studies often require data collected from a wide range of spatial domains so that, for example, changes observed in species distributions can be linked to changes in regional patterns of spectral reflectance as observed with Earth-orbiting satellites.
In this article, we demonstrate how a nested hierarchy of relatively finescale GIS databases can be used to help understand the links between species patterns at the level of plots, landscape patterns of plant communities, and regional patterns seen on satellite images. The methods described here focus on spanning the spatial domains-from that of individual plants The distribution of pocket gophers (Thomomys talpoides) is also strongly controlled by snow patterns. Gophers are largely responsible for the finescale mosaic of many plant communities; they maintain species diversity by creating gaps in the plant canopy, redistributing nutrients and soil, and suppressing species that would otherwise dominate (Halfpenny and Southwick 1982, Osburn 1958, Thorn 1982 , Willard 1979 ).
Our main long-term plot-level hypothesis is that plant species will react to changes in snowpack in a manner that is predictable from their presentday distribution along snow-depth gradients. In future years, we plan to test this hypothesis by artificially altering winter snow regimes with a series of large snow-fences at the Niwot LTER site. Before the experiment, we need to determine the patterns of species distribution with respect to natural snow distribution.
At (Figure 5) . Also, we are interested to see if the fine-scale patterns associated with snow distribution at landscape scales have any influence on the regional trends in production. Estimates of production based on remotely sensed data provide an efficient means to examine regional patterns, yet there is relatively little research in the alpine regions, possibly due to the confounding influences of rugged topography and highly heterogeneous vegetation patterns. Our main regional hypothesis is that primary production is broadly controlled by gradients associated with changing elevation but also influenced by smaller-scale topographic interactions with wind and snow.
Topics linking all three tiers of the hierarchy include climate, snow distribution, primary production, and spectral reflectance. The influence of small mammals is a theme that links the lower two tiers; topics related to hydrology and geochemistry link the upper two tiers. Several conceptual models and the HGIS provide a framework for the Niwot LTER project. HGIS methods. In the Alaskan Arctic and the Colorado alpine, we are building HGIS databases that use a common suite of methods that permit comparative studies of vegetation patterns in arctic and alpine regions (Walker and Walker 1991) . Most of the methods we use are described in Geographically referencing ecological data. The LTER project is representative of many intensive ecological research programs that require topographic information and base maps at finer scales than is available from standard US Geological Survey (USGS) topographic maps. For example, the largest-scale topographic maps available for the Niwot site are at 1:24,000 scale, but the project also requires maps of the intensive research sites at 1:500 scale (Figure 6 ). To satisfy this requirement, an aerialphotograph mission provided blackand-white and false-color photographs at the necessary scale.
Before obtaining the aerial photographs, it was necessary to survey ground control points to maintain horizontal and vertical accuracy across the map and to register mapped information to satellite-derived data. In most remote regions, there are few accurately surveyed benchmarks to provide control for locating spatial data. Control points can be surveyed from existing benchmarks or with the use of the global positioning system The geobotanical map is one layer in a GIS. Other layers include remotely sensed information, DTM, maps of political boundaries and infrastructure features (e.g., roads and buildings), maps of features that change over short time intervals (e.g., animal distribution), and features that are mapped using point samples, such as snow or soil characteristics. Maps of any element or combination of elements can then be prepared from the database.
In this study, we mapped the vegetation of the Saddle grid using 19 previously defined Braun-Blanquet vegetation associations (Komarkova 1979 ; Table 2, Figure 8b ). We also mapped the vegetation according to six vegetation noda that have been A preliminary analysis of an NDVI map of the Niwot LTER site suggested that the elevation gradient largely constrains the amount of green biomass in the alpine. This result seems intuitive because of the colder temperatures at high elevations and the prolonged snow cover. However, Table 2 . Summary of nodum equivalents, area, and habitat of syntaxonomic units occuring on the vegetation map of Niwot Ridge Saddle grid. The syntaxonomic un classification approach (Komarkova 1979 areas of the alpine.
To quantify the relationships between NDVI and elevation, we stratified the alpine area above the tree line in the Front Range using the forest boundary as depicted on 1:24,000-scale USGS topographic maps. NDVI was regressed against elevation, using the NDVI values in 50-meter elevation classes derived from a digital terrain model. To determine if there was a systematic effect of slope or aspect, we stratified the data according to slope-aspect classes (e.g., north, northeast, and east), and 5% slope classes. The data were also stratified according to areas east and west of the Continental Divide to assess the effects of different orographic precipitation regimes. Most of the snow on the west side of the Divide occurs with storm systems from the Pacific with westerly flow, whereas the East Slope receives the largest amount of precipitation during upslope conditions with strong southerly to easterly flow (Barry 1973) .
Ground measurements of spectral reflectance were used to calibrate the SPOT NDVI values with mapped vegetation information in the Saddle grid GIS. We used a field-portable radiometer to obtain mean spectral reflectance values for the major vegetation types portrayed on the vegetation map. The measurements were taken during the same week that the SPOT image was taken. Spectral reflectance was measured at each of the 88 grid points in the Saddle grid. We also obtained a clip harvest of the vegetation to determine relationship between NDVI and biomass at each grid point.
Vegetation-snow relationships in the Colorado alpine
Plant species-snow relationships. Eighty-four plant species were recorded at the Saddle grid plots. We examined the distribution of the 50 most common species along the snow gradient (Table 3) . These species represented 77% of the cover in the 88 plots. Most of the remaining 23 % was rock (11.4%), soil (4.3%), and litter (2.5%).
Many of these species are found in narrow ranges of snow depth. For example, Paronychia pulvinata is a cushion plant that has its optimal distribution on stable, dry, windblown, rocky sites with less than 25 cm of maximal May snow cover; it is rare in areas with more than 50 cm of snow (Figure 3, Figure 10a Table 2 ). This alliance includes associations that are typical of broad, well-drained, stable, windswept ridges of the Front Range. P. pulvinata has its optimal distribution in the fellfield association Sileno-Paronychietum (as described in the association tables of 4In the Braun-Blanquet classification approach, diagnostic taxa are used for characterization of syntaxa; they have relatively narrow distributions within a given syntaxon even if they are not strictly restricted to that syntaxon. Komarkova 1979). K. myosuroides has its maximal distribution in the dry meadow association Selaginello densae-Kobresietum myosuroidis. Acomastylis rossii (Figure 10c ) is a widespread species that is not a diagnostic for any syntaxon, but it reaches is optimal distribution in the moist meadow association Acomastylidetum rossii (Komarkova 1979) . S. procumbens, T. parryi, and C. pyrenaica (Figure 10d,e,f) are diagnostic species for syntaxa within the snow-patch class Salicetea herbaceae. S. procumbens is a diagnostic species for the class and reaches its optimal distribution in association ToninioSibbaldietum. T. parryi is a diagnostic species for the shallow-snow-patch order Trifolio-Deschampsietalia, and reaches its optimum distribution in association Deschampsio-Trifolietum parryi. C. pyrenaica is a diagnostic species for the deep-snow-patch order The topographic control of these patterns is apparent (Figure 8c,d (Figure 1 b) . Within the Saddle grid, NDVI shows a trend of increasing value from barren to fellfield to dry meadow to snowbed to moist meadow to wet meadow to shrub. High NDVI values in the shrub and wet meadow areas are due to lateseason greenness resulting from moisture supplied by the late-melting snow. The low NDVI values for fellfields (associations Sileno-Paronychietum and Trifolietum dasyphylli), dry meadows (association Selaginello densaeKobresietum myosuroidis), and windswept, primarily west-facing, areas in general (i.e., alliance Kobresio-Caricion rupestris) are likely due to low production caused by droughty site conditions. In contrast, moist meadows typical of early-melting snow patches on east facing slopes (alliance Deschampsio-Trifolion parryi) have relatively high soil moisture and high NDVI values. Late-melting snow patches (alliance Sibbaldio-Caricion pyrenaicae) are covered by snow during much of the growing season and experience a prolonged melt that washes away finer particles to leave a rocky bed with low production and low NDVI.
Regional patterns of NDVI along elevation gradients are strongly influenced by the contrast between eastand west-facing slopes. Regressions of NDVI versus elevation show the expected general decrease in NDVI with increasing elevation, with considerable scatter about the mean due to landscape heterogeneity (Figure  12a-c) . This trend applies to almost all slopes and aspects on both the east and west side of the Continental Divide. The only aspects showing no trend in NDVI with elevation are westfacing aspects on the east side of the divide, probably due to the influence of strong westerly winds that constrain production on these sites at all elevations (Figures 3, 12d) 
